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Abstract
In experiments at future lepton colliders at the energy frontier (ILC, CLIC), high-performance reconstruction of jets
is crucial for precision measurements of the interactions and properties of the Higgs boson and top quark. We present
a sequential recombination algorithm and show that its performance in several benchmark channels is much more
robust under the expected γγ → hadrons background levels at the ILC and CLIC. The algorithm achieves similar or
better performance than the longitudinally invariant kt algorithm and classical e+e− algorithms, while maintaining the
natural distance criterion for lepton colliders.
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1. Introduction
Jet reconstruction is a crucial technique in high en-
ergy e+e− colliders. Jet algorithms for e+e− collid-
ers [1], typically deﬁne the distance between two parti-
cles as the combination of the information on the angle
between the particles and the energy of particles.
The Durham or e+e− kt algorithm [2] used extensively
at LEP and SLC the distance between particles i and j
is modiﬁed as follows:
di j = 2min(E2i , E
2
j )(1 − cos θi j) (1)
Sequential recombination algorithm were adapted to
the environment at hadron colliders in the early 1990s.
The ﬁrst important modiﬁcation of the algorithms was
the addition of so-called beam jets, introduced in Ref-
erence [3]. The distance criterion for hadron colliders
is based on quantities that are invariant under boosts
along the beam axis. The energy is replaced by the
transvers momentum pt and the angle by the ΔRi j =√
(Δφ)2 + (Δy)2 distance.
In longitudinally invariant algorithms the generic
inter-particle distance is rewritten as follows:
di j = min(p2nTi , p
2n
T j)
ΔR2i j
R2
(2)
where R is the radius parameter.
Any particle with a beam distance diB = p2nTi smaller
than any di j is not merged with any other particle, but
form part of the beam jet. Setting n in the exponent to
1 yields the well-known longitudinally invariant kt al-
gorithm. Alternative choices of the exponent yield the
Cambridge-Aachen algorithm (n =0), or the anti-kt al-
gorithm (n =-1), the default jet reconstruction algorithm
at the LHC [4].
Finally, beam jets can be added to the kt algorithm
for e+e− experiments, but using the energy instead of the
transverse momentum. This leads to a generic algorithm
e+e− kt algorithm, with inter-particle distance:
di j = min(E2i , E
2
j )(1 − cos θi j)/(1 − cosR) (3)
and beam distance given by diB = E2i .
2. The Valencia jet algorithm
The background levels at future lepton colliders, such
ILC and CLIC, have a non-negligible impact on the jet
reconstruction performance as detailed studies of the
γγ → hadrons have shown [5, 6]. We propose a new
clustering jet reconstruction algorithm for future e+e−
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colliders [7] that maintains a Durham-like distance cri-
terion based on the energy and the polar angle of the
particles to merge and share the robustness against back-
ground of the longitudinally invariant kt algorithm. The
algorithm has the following inter-particle distance:
di j = min(E
2β
i , E
2β
j )(1 − cos θi j)/R2 (4)
The R2 in the numerator presents greater freedom than
the 1 − cosR, that is limited to the interval [0, 2].
The beam distance of the Valencia algorithm is:
diB = p
2β
T (5)
The exponent β introduced gives a handle to tune the
background rejection that is independent of the param-
eter R that governs the jet radius.
3. Comparison of the distance criteria
The essence of a jet algorithm is the chosen distance
criterion, is bound to the given environment. The rela-
tion between the inter-particle distance di j and the beam
distance diB determines if a particle belongs to beam jets
or to ﬁnal-state jets. Thus it has a large impact on the
jet algorithm performance, specially in environments
with signiﬁcant background. The ratio di jdiB is shown
as a function of polar angle in Figure 1. As expected
from the Equation 3, the ratio is ﬂat for e+e− algorithms
(Durham). On the other hand, the ratio rises abruptly
in the forward region for the longitudinally invariant kt
algorithm. For the Valencia algorithm with β = 1 we
obtain very similar behaviour to longitudinally invari-
ant kt.
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Figure 1: The ratio of di j to the beam distance diB with the polar angle
θ.
4. Monte Carlo simulation
Diﬀerent samples generated with WHIZARD [8] are
used to compare the performance of the diﬀerent algo-
rithms. In particular, tt¯ in ILC and ZZ in CLIC with
√
s = 500 GeV. The full simulation of the ILD detec-
tor [9] is done with GEANT4 [10].
The background considered in this study is due
to multi-peripheral γγ →hadrons production. For a
500 GeV e+e− collider less than one γγ → hadrons
events is produced per bunch crossing. At CLIC the
background corresponding to a large number of bunch
crossings is overlaid (300 for 500 GeV operation, 60 for
3 TeV) and the Particle Flow objects are selected using
timing and momentum cuts [5].
5. Top quark pair production at a 500 GeV ILC
We study the performance of several jet algorithms
in the study of tt¯ production at the ILC of Ref. [11].
The Monte Carlo sample includes all six-fermion pro-
cesses that produce a “lepton + jets” ﬁnal state: e+e− →
bb¯lνqq′. The resolution of W-boson and top quark can-
didate energy and mass are compared int Table 1.
RMS90 [GeV] E4 j EW mW Et mt
Durham 23.2 19.6 20.3 19.5 21.4
e+e− kt 25.6 20.8 21.6 20.5 22.8
long. inv. kt 21.7 18.4 18.9 18.4 20.1
Valencia 21.4 18.0 18.8 18.2 20.0
Table 1: The Root Mean Square of the central 90% of the events
(RMS90) for ﬁve observables reconstructed in tt¯ events at a 500 GeV
ILC: the energy and the mass of the hadronic candidates.
Even with the rather modest background level at the
ILC the longitudinally invariant kt algorithm and the al-
gorithm we proposed achieve a 10-15% better resolu-
tion and a smaller bias than the e+e− algorithms.
6. Di-boson production at CLIC
The e+e− → ZZ process is studied in the CLIC en-
vironment at a 500 GeV to enable comparison with the
ﬁrst detailed studies of the impact of background on jet
reconstruction at future lepton colliders in Ref. [6] and
the CLIC CDR [5].
We select only e+e− → ZZ → qq¯q′q¯′ events. Exactly
four jets are reconstructed and the di-jet combinations
are selected that minimise the following χ2:
χ2 =
(EZ1 − EZ2)2
(250 GeV)2
+
(mZ1 − mZ2)2
(91 GeV)2
+
∠(Z1, Z2)
(π)2
.
The Z boson mass distribution is shown in Figure 2.
Numerical results are given in Table 2. In the no back-
ground case all algorithms achieve a narrow Z-boson
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Figure 2: The reconstructed Z-boson mass distribution for ZZ → qq¯q′q¯′ events. No backgrounds are added in the leftmost plot. The results on the
rightmost plot correspond to the same events with the γγ → hadrons background corresponding to 300 bunch crossings overlaid on the signal.
mass peak. The impact of the overlaid background is
signiﬁcant for the Durham algorithm. The peak posi-
tion shifts by approximately 10 GeV and the width of
the distribution is rather bigger. Both the long. inv. kt al-
gorithm and the Valencia algorithm show considerably
better performance under these conditions.
√
s = 500 GeV, no background overlay
[ GeV ] mZ σZ RMS90
Durham 90.6 5.4 13.8
long. inv. kt 90.4 5.3 14.3
Valencia 90.3 5.2 12.5√
s = 500 GeV, 0.3 γγ → hadrons events/BX
[ GeV ] mZ σZ RMS90
Durham 101.1 13.6 28.8
long. inv. kt 92.0 9.0 17.2
Valencia 92.5 9.2 16.2
Table 2: The center and width - from a Gaussian ﬁt - of the recon-
structed Z-boson mass peak in ZZ events at a 500 GeV CLIC. The
third column lists the RMS90 estimate.
7. Conclusions
Reconstructed jets with classical e+e− algorithms are
severely degraded by the γγ → hadrons background.
The new sequential recombination algorithm we pro-
pose oﬀers robust performance in the presence of the
γγ → hadrons background levels expected at ILC
and CLIC lepton colliders. The β parameter allows
tuning the background rejection and R governs the jet
size. The Valencia jet algorithm provides better perfor-
mance in several benchmark analyses (tt¯ and ZZ) at ILC
and CLIC than the sequential recombination algorithms
used at previous lepton colliders.
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